The halogenated alkylamines, so called nitrogen mustards, investigated during the last war as a potential warfare agent, have become useful tools in biology and medicine. Possessing some of the properties of bis(fl-chloroethyl) sulfide, and x-rays (such as injurious effects to the bone marrow and lymph glands which lead to leucopenia (1), inhibition of mitosis (2, 3), and production of mutants (3--5), they are being used with success in the treatment of blood discrasias (6-8). Some of the studies on the chemical properties of the nitrogen mustards have been published (9-14). We present in this paper experiments performed in this laboratory during the years 1942-43, and quite recently on the effect of nitrogen mustards on the activity of enzymes. These studies were undertaken to determine their mechanism of action. Nitrogen mustards were found to be powerful enzyme inhibitors belonging to the class of structural mhibitors, although different from most of the compounds of this group in the ~ack of easy reversibility and competition.
This s~m~;-rity between the ethylenhnonium derivatives of nitrogen mustards and choline and acetylcholine suggested the possibility that they may act as structural inhibitors of enzymes by combination with the protein moiety at the side chains where combination of choline and acetylcholine takcs place. The validity of this assumption is demonstrated in the experiments with choline oxidase, acetylcholine esterase, and choline acetylase.
1. CIwli~ O~dase.--In agreement with the postulated assumption, choline oxidase was, of all the enzymes studied, the most sensitive to the action of nitrogen mustards. In these experiments choline oxidase was prepared from rat liver by a modification of the method of Bemheim (16) ; the enzyme suspension consumed no oxygen in the absence of choline. When methyl-bis-(~chloroethyl)amlne HC1 (MBA) and tris(~-chloroethyl)amine HC1 (TBA) were dissolved in phosphate buffer, 0.02 ~¢ pH 7.4, the degree of inhibition remained constant up to 2 hours after solution of the compound with TBA, while it decreased rapidly with MBA. When the compounds were dissolved in water, inhibition increased on standing (Table I) . Isopropyl-bis(~-chloroethyl)amine HC1 was also found to be a powerful inhibitor of choline oxidase (Table H) . Since formation of the ethylenirnonium derivative occurs more rapidly in phosphate buffer than in water (17) , these experiments indicate that inhibition was due to the quaternary N derivative. Since inhibition disappeared when MBA was left standing in phosphate buffer for 2 hours, and TBA for 24 hours, it must be concluded that the end products of the series of reactions 
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Methyl-bis(fl-chloroethyl)amine HC1 (MBA) and tris(~-chloroethyl)amine HC1 (TBA) were dissolved and added to the enzyme suspension after remaining in solution for the time indicated in Further evidence that the inhibition is produced by the ethylenimonium transformation products is given by experiments in which the inhibitory power of nitrogen mustards was measured at different pH values. If the inhibition is produced by these quaternary N derivatives, it must increase as the pH values increase because the rates of transformation are so affected (15) . In fact, 2 X 10 ~ K TBA, which produced 68 per cent inhibition at pH 6.4, inhibited completely at pH 7.4; 1 X 10 -~ u produced 15 per cent inhibition at pH 7.4, while it increased to 36 per cent at pH 8.4. Similar results were obtained with MBA (Table III) .
It seems that inhibitors belonging to this group must be able to form the ethylenimonium derivative, fl-chloroethylethylbenzylammonium chloride, fl-chloroethylethylcyclohexylammonium chloride, and ~-chloroethylethyl hexahydrobenzylammonium chloride 1 which form ethylenimonium derivatives on solution in water were as powerful inhibitors as MBA. The quaternary N compound dimethyl-bis(B-chloroethyl)amine HC1 which does not form ethylenimonium on solution had no inhibitory effect. Trimethylbenzylammoninm chloride, dimethylethanolamine, and methylethanolamine had no effect at all (Table IV) . One important difference between nitrogen mustard inhibition and other substrate inhibitors (such as the classical malonate inhibition of succinoxidase discovered by Quastel and Wooldrige (18) ) is that the former is not, like the latter, easily reversed, and as a consequence does not depend on the ratio of substrate to inhibitor. Once inhibition was produced with the nitrogen mustards it was difficult to reverse, and washing the enzyme with water brought no restoration of activity. This strong association of the enzyme with the nitrogen mustard in contrast with the reversible association with choline can be shown by measuring the half-saturation of the complex enzyme-choline and half-1 These compounds were kindly provided by Dr. Mark Nickerson, Department of Pharmacology, University of Utah, School of Medicine.
inhibition of enzyme activity. Half-saturation ( Fig. 1) was reached with 2.5 X 10 -8 K choline while half-inhibition was reached with 1 X 10 -+ M TBA, 4 X 10 -e ~ MBA, and 1.2 X 10 ~ g isopropyl-bis(fl-chloroethyl)amlne HC1. Since the LD, values of nitrogen mustards lie around 2 to 5 X l0 s ~r, it can be seen that complete inhibition of choline oxidase occurred with amounts ten times lower.
Indication that the nitrogen mustards combine with the protein moiety of the enzyme (activating protein or dehydrogenase) at the place where combination with choline takes place, was given by experiments where choline was added previous to or simultaneously with the nitrogen mustards, and by experiments where large amounts of choline were added after addition of nitrogen mustard to the enzyme. When choline was added to the enzyme previous to addition of MBA, or when choline and MBA were added simultaneously, there was no inhibition. When 2 X 10 -~ xt choline was added to the enzyme after addition of MBA, the inhibition decreased from 80 per cent to 41 per cent; on increasing the concentration of choline to 1 X 10 -1 ~ the inhibition was further lowered to 35 per cent (Table V) . Addition of thiosuLfate (1 X 10 --s ~) to choline oxidase previous to addition of MBA (1 X 10 -~ x~) prevented inhibition. When thiosulfate was added 5 minutes after contact of the enzyme with the nitrogen mustard, the inhibition was one-third of the original (Table VI) . A number of substances known to combine rapidly with nitrogen mustards were tried to prevent enzyme inhibition. The inhibitor and the test substance were added to Ringer-phosphate, pH 7.4, and were allowed to react for 15 minutes, at the end of which they were added to the enzyme suspension. Of all the compounds tested, only thiosulfate had a significant preventive effect.. A concentration of thiosulfate 1000 times greater than the concentration of nitrogen mustard brought about complete prevention of inhibition; when the ratio was 100:l the prevention dropped to 50 per cent; with a ratio of 10:1 there was no prevention at all. Reversal of inhibition with the preventive agents did not occur (Table VII) . Tryptophane, tyrosine, inositol, cysteine, and histidine had no preventive effect.
2. Avetylcholine Esterase.--Th6 inhibitory effect of methyl-bis(fl-chloroethyl)-amine HCI on acetylcholine estemse was first observed by Thompson (19) , who also described prevention of inhibition if acetylcholine had been added pre- viously. Thompson's experiments were confirmed, as can be seen in Table  VIII . If nitrogen mustards act as structural inhibitors, they must have no effect or very little on the hydrolysis of other esters. In fact, the hydrolysis of acetylcholine by brain choline esterase was inhibited 70 per cent by 1 )K 10 "~ ~s MBA, while the hydrolysis of monobutyrin was not affected at all. With purified serum esterase, hydrolysis of acetylcholine was 40 per cent inhibited while hydrolysis of monobutyrin was inhibited 13 per cent (Table IX) . Thiosulfate prevented the inhibition. When it was added 5 minutes after addition of TBA, there was partial reversal (Table X) .
3. Choline Acetylase.~Another reaction in which choline is one of the reactants is the synthesis of acetylcholine, Feldberg (20) reported that this reaction was inhibited by methyl-bis(O-chloroethyl)amlne. This has been confirmed 
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aqueous, weakly alkaline solutions are very reactive. They react rapidly with ~SH groups like cysteine, glutathione, and the --SH groups of denatured al- bumin, removing half of the raSH groups in 5 minutes (21, 22) . They react (pH 8) with a large number of organic compounds of biological importance (NH2 groups and carboxyl groups of amino acids, peptides, and proteins, nicotinic acid, methionine, thiamine, adenylic acid, adenosinetriphosphate, pyridoxine, P organic compounds) (13, 14) ), some of them essential for enzyme activity. dose (about 1 X 10 -4 ~) are discarded, the only enzyme systems inhibited were. choline oxidase, acetylcholine esterase, and pyruvate oxidase. Cori and his coworkers (24) have studied in detail the effect of methyl-bis-(fl-chloroethyl)amine HC1 upon the enzymes dealing with phosphorus exchange. They found that phosphocreatine phosphokinase, phosphopyruvate phosphokinase, and inorganic pyrophosphatase were considerably inhibited with 4 X 10-* M. We found that acid phosphatase was inhibited 40 per cent, while adenosinetriphosphatase and alkaline phosphatase were not affected with 1 X 10 -8 ~ (Table XI) . It could be concluded from these data that none of these enzymes is inhibited at concentrations around the lethal dose. However, Cod found that in certain tissues of animals injected with methyl-bis-(fl-chloroethyl)amine HC1, or the ethylenimine transformation product there was partial inhibition of inorganic pyrophosphatase, phosphocreatine phosphokirmse, and hexokinase. It may therefore be concluded that these three P exchange enzymes are inhibited by nitrogen mustards at concentrations around the lethal dose.
In Table XII are given data on the effect of TBA and MBA on other enzyme systems. It is surprising to find such highly reacting substances so ineffective on the activity of a large number of enzymes. For example, in spite of the high reactivity of the halogenated alklyamines with --SH groups with which they give compounds of the type succinoxidase, adenosinetriphosphatase,
papain, d-amino acid oxidase, phosphoglyceraldehyde dehydrogenase, carboxylase, transaminase--all requiring the presence of --SIt groups for activity--were not affected at all by 0.001 ~t.
The findings that the NH2 groups of thiamine, nicotinic acid amide, and pyridoxine combine with nitrogen mustards have not been confirmed in enzyme experiments where nitrogen mustard and enzyme were kept at pit 7. The activity of yeast carboxylase which requires diphosphothiamlne, of lactate dehydrogenase which requires diphosphopyridine nucleotide, and of transaminase which requires pyridoxal (25) was not affected by nitrogen mustards.
DISCUSSION
The experiments presented in this paper on inhibitions of enzyme reactions by nitrogen mustards show that these compounds act either as structural inhibitors or through combination with different reactive groups of the protein moiety of the enzyme. The halogenated alklyamines in aqueous neutral solutions are rapidly transformed into the quaternary ethylenimonium derivatives which are structurally similar to choline. Inhibition of the oxidation of choline by choline oxidase, of the hydrolysis of acetylchollne by the esterase, and of the synthesis of acetylcholine by choline acetylase, is due in every case to structural inhibition; i.e., inhibition due to combination of the nitrogen mustard derivative with the protein moiety of the enzyme at the same side chains where combination of choline or acetylcholine and protein takes place. Indication that such a specific combination occurs was given by the lack of action of methyl-bis-(fl-chloroethyl)amine on the hydrolysis of monobutyrin, by prevention of inhibition on previous addition of choline or acetylcholine, and partial reversal on addition of choline after nitrogen mustard addition to the enzyme. There is. however, a difference between the other well known structural inhibitors and nitrogen mustards. In fact, while inhibition of sueeinoxidase by malonate depends on the ratio of malonate: succinate and not on the absolute amount of malonate (see reviews by Wooley (25) (26) (27) , by Roblin (28) , and by Welch (29)), nitrogen mustard inhibition occurs with very small concentrations and is not reversed completely. This must be attributed to strong association between the nitrogen mustard and the protein. This strong association was strikingly demonstrated when different substances known to react easily with nitrogen mustards were used to prevent inhibition. Thiosulfate, the most effective preventive agent, had to be added at a concentration 1000 times as great to prevent inhibition. The nitrogen mustards must, thus, be looked upon as a new subdivision of the general structural inhibitors, effective at low concentrations because of seemingly irreversible combination with the protein at the same specific side chain where combination with choline takes place.
The other enzyme inhibitions studied by Cori, as well as those found by Dixon and by us (inhibition of phosphokinases, pyruvate oxidase, etc.) have a different mechanism of action and require greater concentrations of inhibitor. They must be due to interaction of certain groups of the proteins (NI-I2 groups, carboxyl groups, --SH groups) with the highly reactive halogen groups of nitrogen mustard.
su~am~Ry
Nitrogen mustards are powerful inhibitors for choline oxidase, acetylcholine esterase, and choline acetylase, half-inhibition of the first enzyme being produced with concentrations around 1 X 10 "-e 5; i.e., ten times less than the LD~0 values. Acetylcholine esterase and choline acetylase required higher concentrations. This inhibition seems to be due to the structural similarity of the ethylenimonium derivatives with choline and acetylcholine. A list of enzyme systems inhibited by nitrogen mustards is given.
